Abstract: Vitamin D has long been known to be vital to bone health. More recently, vitamin D has been shown to play a role in the risk of malignancy, infection, autoimmune disease, renal disease, and cardiovascular disease (CVD) including its associated risk factors of diabetes and hypertension. Within the umbrella of cardiovascular disorders, low vitamin D levels have been specifically linked to increased risk of congestive heart failure, left ventricular hypertrophy, peripheral arterial disease, subclinical vascular disease, myocardial infarction, stroke, and mortality -associations that remain even after traditional risk factors and lifestyle factors are taken into account. However, a direct causal relationship between 25(OH)D deficiency and the risk of CVD has not been completely established.
INTRODUCTION
Vitamin D has long been known to be vital to bone health [1] . More recently, vitamin D has been shown to play a role in the risk of malignancy [2] , infection [3] , autoimmune disease [4] , renal disease [5] , and cardiovascular disease (CVD) including its associated risk factors of diabetes and hypertension [6] . Within the umbrella of cardiovascular disorders, low vitamin D levels have been specifically linked to increased risk of congestive heart failure, left ventricular hypertrophy, peripheral arterial disease, subclinical vascular disease, myocardial infarction, stroke, and mortality -associations that remain even after traditional risk factors and lifestyle factors are taken into account [7] .
Serum 25-hydroxyvitamin D [25(OH)D] levels vary with geography, seasonality, latitude, and altitude, presumably as a result of differences in exposure to sunlight. Interestingly, the risk of CVD is noted to be highest in areas of increased geographic latitude and during winter months, which parallels trends in low 25(OH)D levels [6] . Furthermore, survival is improved if cancer diagnosis occurs during the summer months when vitamin D levels are highest [8] . However, a direct causal relationship between 25(OH)D deficiency and the risk of CVD or cancer has not been completely established.
A thorough review of the scientific evidence linking vitamin D deficiency with CVD as well as an explanation of *Address correspondence to this author at the Division of Cardiology, Johns Hopkins University School of Medicine, Carnegie 568, 600 N. Wolfe Street, Baltimore, MD 21287, USA; Tel: 410-502-6813; Fax: 410-502-0231; E-mail: edonnell@jhmi.edu the potential biologic mechanisms that may support these associations will be the focus of this review.
SOURCES OF VITAMIN D
The major source of vitamin D is endogenous production via the action of the sun's ultraviolet b (UVB) light on 7-dehydrocholesterol precursors in the skin, converting them to vitamin D3 (cholecalciferol) [9] . Exogenous D3 can also be obtained from the diet from oily fish, fortified foods, or supplements. Vitamin D can also be found in the form of D2 (ergocalciferol) which is produced in plants after UVB radiation of ergosterol, and can also be consumed in the diet as a supplement or from fortified foods. Few foods naturally contain vitamin D or are actually fortified with vitamin D. However, even fortified foods contain relatively small amounts of vitamin D. Consider that 8 oz of fortified milk usually only contains about 100 IU of vitamin D, and many experts believe that generally at least 800-1000 IU/day of vitamin D are needed to maintain healthy vitamin D levels in the absence of adequate sunlight exposure [9, 10] .
Vitamin D undergoes 25-hydroxylation in the liver, to form 25(OH)D, the primary circulating form of vitamin D and the metabolite that best reflects stores of vitamin D (i.e. sufficiency or deficiency states). The active metabolite, 1,25(OH)2D, (also called calcitriol), is formed after 1 -hydroxylation in the kidneys. 25-OH Vitamin D 1 hydroxylase is known to be the rate-limiting enzyme in vitamin D biosynthesis. 1,25(OH)2D is responsible for all cellular processes involving vitamin D. Although the main source of 1,25(OH)2D in the circulation is from renal 1 -hydroxylation, it has been recently appreciated that many other tissues, including breast, colon and vascular smooth muscle cells also express 1 -hydroxylase, and are therefore capable of local 1,25(OH)2D production [11] . In these tissues, the locally formed 1,25(OH) 2 D serves as a celldifferentiating factor. Extra-renal production of 1,25(OH)2D is thought to have a paracrine/autocrine function including an important role in innate (macrophage) immunity [11] . Levels of 1,25(OH)2D do not correlate well with 25(OH)D levels, and given tight regulation, 1,25(OH)2D levels may remain in the normal range even in the face of frank 25(OH)D deficiency.
OPTIMAL VITAMIN D LEVELS AND RISK FAC-TORS FOR DEFICIENCY
The optimal level of 25(OH)D has been suggested to be 30 ng/ml (75 nmol/L) [12] , a level associated with maximal suppression of intact parathyroid hormone (iPTH) and reduced fracture rates. Most agree that 25(OH)D levels <20 ng/ml are considered deficient [9] . Using 28 ng/ml as a cutoff, it is estimated that approximately 41% of men and 53% of women in the United States have insufficient levels of 25(OH)D based upon data from the nationally representative Third National Health and Nutrition Examination Survey (NHANES-III) conducted between 1988 and 1994 [13] . More recent data from NHANES has suggested that the prevalence of vitamin D deficiency may be increasing in the United States, especially among those who are more likely to be vitamin D deficient [14, 15] . Although vitamin D assay drifts do account for part of the changes in serum 25(OH)D levels between the NHANES surveys [16] , changes in body mass index (BMI), milk intake, and use of sunscreen/sun protection appear to contribute to a real decline in vitamin D status among an adult subgroup [15] .
Vitamin D deficiency is very common throughout the world. Individuals living at higher latitudes are particularly at risk; for those living above 35 degrees latitude, little or no vitamin D can be produced from November to February [9] . But even in parts of the world that receive adequate yearlong sun exposure, vitamin D deficiency may be common because of the covered manner of dress or use of sunscreen [10] . Melanin skin pigmentation absorbs UVB light reducing vitamin D synthesis, and thus race/ethnic groups with darker skin coloring living in the Northern hemisphere may be at particular risk for vitamin D deficiency. It is estimated that 80% of African-Americans living in the United States have insufficient levels of vitamin D [17] . Women in the United States also have lower 25(OH)D levels compared to men [14] .
Aging is associated with vitamin D deficiency because of decreased concentrations of vitamin D precursors (7-dehydrocholesterol) in the skin. Obesity is a strong risk factor for vitamin D deficiency because fat cells sequester vitamin D (as a steroid vitamin, it is fat-soluble), making stores less available to become biologically activated. Lower vitamin D levels among obese and older individuals may also stem from reduced sunlight exposure as a result of reduced outdoor activity. Serum vitamin D levels have been linked to frequency of out-door leisure-time physical activity [18] .
It should be noted that excess sunlight cannot cause vitamin D toxicity because UVB rays destroy excess previtamin D stores in the skin. However, toxicity can occur, although rarely, from very high doses of vitamin D supplements.
VITAMIN D AND CVD RISK FACTORS

Vitamin D and Hypertension
Lower vitamin D levels are associated with increased risk of prevalent and incident hypertension [17, 19, 20] . In NHANES-III, participants in the highest 25(OH)D quintile had mean systolic blood pressure that was 3 mm Hg lower compared to those in the lowest 25(OH)D quintile [21] . It was estimated that racial/ethnic differences in 25(OH)D levels explained approximately half of the increased hypertension prevalence in non-Hispanic blacks compared with whites. Among Hispanics and blacks, there was an inverse association of 25(OH)D levels with systolic and diastolic blood pressure, although adjustment for BMI attenuated this association [22] .
The association of vitamin D with blood pressure is biologically plausible. In mice, vitamin D is an inhibitor of the renin-angiotensin system [23] . Vitamin D receptor knock-out mice (VDR-/VDR-) experience high rennin, angiotensin, and aldosterone levels, and as a consequence develop hypertension and cardiac hypertrophy [24] . Mice with a deletion of the 25(OHD) 1 alpha-hydroxylase gene (1 (OH)ase -/-) cannot convert 25(OH)D into the activated 1,25(OH)2D, and similarly develop hypertension, cardiac hypertrophy, and impaired cardiac function in addition to skeletal abnormalities similar to rickets. Treatment of 1 (OH)ase -/-mice with activated vitamin D can normalize blood pressure, cardiac systolic function, and rennin/aldosterone levels [25] . On the other hand, treatment of 1 (OH)ase -/-knockout mice with rennin-angiotensin-aldosterone system (RAAS) pathway blockers such as captopril or lorsartan normalized blood pressure and cardiac function, but rennin remained elevated through feedback mechanisms [25] .
There are a few small clinical trials that suggest vitamin D supplementation may reduce systolic blood pressure [26] [27] [28] . However, larger clinical trials are needed to determine whether vitamin D can lower the risk of developing hypertension or can be an effective therapeutic agent among those with above-optimal blood pressure.
Vitamin D, Obesity, and Diabetes
Several studies have found a cross-sectional association between low levels of 25(OH)D and obesity, the metabolic syndrome, glucose intolerance, hyperinsulinemia, and type 2 diabetes [17, [29] [30] [31] . Although fat cells sequester vitamin D, the cross-sectional association of 25(OH)D deficiency with diabetes remains even after BMI, physical activity, and other potential confounding factors are taken into account [31] . Interestingly, vitamin D may also play a role in obesity, as women randomized to calcium and vitamin D in the Women's Health Initiative (WHI) clinical trial, experienced less weight gain compared to women on placebo [32] . Knept et al. found that in a nested case-control study from Finland that men, but not women, with higher serum vitamin D levels had a decreased risk of developing incident type 2 diabetes [33] . An explanation of the sex difference remains unclear and was not addressed by the authors. As seen in other studies, women had lower mean 25(OH)D levels than men.
These prospective findings were also confirmed by another recent study by Forouhi et al. that found in 524 non-diabetic men and women that baseline 25(OH)D levels predicted future glycemia and insulin resistance after 10-years of followup [34] . In that study, baseline 25(OH)D levels were inversely associated with fasting glucose at 10-years ( = -0.0023, p=0.019), 2-hour post-load glucose levels ( = -0.0097, p=0.006), fasting insulin ( = -0.1467, p=0.010), and HOMA-IR ( = -0.0059, p=0.005) even after adjustment for age, sex, smoking, BMI, and season [34] .
The association of low vitamin D levels with diabetes has biological basis as reviewed by Mathieu et al. [35] , particularly for type I diabetes. Activated vitamin D binding to its receptor located in pancreatic islet cells is thought to promote insulin secretion. Activated vitamin D also has immunomodulatory effects that lead to diabetes prevention in animal models of type I diabetes [35] . Vitamin D may also prevent insulin resistance, although the mechanism is less clear than for insulin secretion [36] . Certain vitamin D receptor polymorphisms are associated with increased risk of diabetes (as reviewed by Forouhi et al. [34] ). Smaller interventional trials in humans suggest a potential benefit of vitamin D supplementation on parameters of glucose/insulin homeostasis [35, 37] . In a non-randomized observational study from Finland, vitamin D supplementation in infants was associated with reduced risk of type 1 diabetes later in life [38] .
On the other hand, among women in the Nurses' Health prospective cohort study, there was no overall association of vitamin D intake with risk of incident type 2 diabetes, although there was a trend of decreasing risk for women taking >800 IU of vitamin D compared to those who took <400 IU of vitamin D [39] . A post-hoc analysis of the large WHI clinical trial (n=33,951) found that randomization to calcium supplementation plus 400 IU of vitamin D3 daily did not reduce the risk of incident diabetes over 7 years of follow-up [40] . Furthermore, there was no change in fasting glucose, insulin, and HOMA-IR (measured only in a small subset) during follow-up for women assigned to calcium and vitamin D [40] . However, limitations of this WHI study include the low dose of vitamin D used, the concomitant therapy with calcium, and cross-contamination with controls also taking vitamin D supplementation. Thus the need for a diabetes prevention trial still remains, particularly a trial using an adequate vitamin D supplementation dose, such as 1000 IU daily which is a dose typically needed in order to raise the serum 25(OH)D levels >30 ng/ml [37] .
Vitamin D and Lipids
Lower levels of 25(OH)D are associated with hypertriglyceridemia [17] . In a study by Perez-Castrillon et al., treatment of patients with acute coronary syndrome with atorvastatin resulted in significant decreases in cholesterol and triglyceride levels and also an increase in vitamin D levels [41] . This was not a placebo controlled clinical trial, so 25(OH)D levels may have also increased as the participants became less acutely ill the farther they were out from their clinical event. In a small study of 91 ambulatory hyperlipidemic patients not previously on lipid lowering therapy evaluated during winter months, 8-weeks of rosuvastatin treatment significantly increased both 25(OH)D levels (from a mean of 14 to a mean of 36.3 ng/ml, p<0.001) and 1,25(OH)2D levels (from a mean of 22.9 to 26.6 pg/dl, p=0.023) [42] . Again, there was no placebo group for comparison. The mechanisms to explain these results are unclear.
It has been hypothesized that the benefits of statin therapy on CVD risk reduction extend beyond their lipid lowering effects, perhaps through anti-inflammatory and endothelial protective mechanisms. Statins, interestingly, have been also shown to be associated with improved bone mass [43] and reduced fractures [44, 45] . Similarly, vitamin D increases bone mass, reduces hip fracture [46] , and has antiinflammatory properties. The similarities between the benefits of vitamin D and those of statins on the cardiovascular system have been noted, and it has been hypothesized that statins may activate vitamin D receptors [47] .
Vitamin D and Inflammation
Activated vitamin D has immunomodulating [48] and anti-proliferative properties [49] , which may be important for the prevention of cancer and infections, as well as CVD. Preliminary studies suggest that vitamin D supplementation may decrease serum markers of inflammation. Timms et al. found that sensitive C-reactive protein (CRP) correlated inversely with 25(OH)D (r= -0.22, p=0.03) [50] , and a few small clinical trials found that treatment with activated vitamin D lowered serum CRP levels [50] [51] [52] . Vitamin D supplementation also improved the cytokine profile among CHF patients [53] . However, in cross-sectional analyses of NHANES-III as well as in an Amish population, 25(OH)D levels were not associated with CRP levels after BMI and other covariates were taken into account [31, 54] .
VITAMIN D AND RENAL DISEASE
Observational data shows that the use of activated vitamin D in patients with end-stage renal disease (ESRD) lowers the risk of mortality [55] [56] [57] . Furthermore, activated vitamin D's anti-inflammatory and anti-proliferative effects may protect against renal injury. In a rat model of glomerulonephritis, vitamin D analogs inhibit transforming growth factor beta and mesangial cell proliferation, which contribute to glomerular injury [58, 59] . Treatment with activated vitamin D animal also decreased proteinuria in animals [60] and in one small uncontrolled clinical trial of 10 patients [61] and in 2 randomized clinical trials [52, 62] . Low levels of 25(OH)D are associated with albuminuria in a crosssectional analyses of NHANES [63] . There are currently ongoing randomized clinical trials to test the anti-proteinuric effects of vitamin D [64] .
VITAMIN D AND SUBCLINICAL DISEASE
Coronary Artery Calcification
Given vitamin D's essential role in bone formation, it can be hypothesized that vitamin D may play a role in vascular calcification. There is frequently seen an inverse association between osteoporosis and vascular calcification. Animal models given excessive vitamin D do develop vascular calcification [65] , although vitamin D excess is rare in humans. However experimental studies suggest vitamin D deficiency may also lead to biologic processes that facilitate vascular calcification. The physiologic plausibility for a bi-phasic dose-response curve for vitamin D in vascular calcification has been described in a review by Zittermann et al. [66] .
In a group of 173 patients at moderately high risk for coronary heart disease who underwent EBCT scanning of their coronary arteries, Watson et al. found serum 1,25(OH)2D levels were inversely correlated with the extent of coronary artery calcification (CAC) [67] . These findings were confirmed by Doherty et al. who also found that log 1,25(OH)2D levels were inversely correlated with logtransformed calcium mass [68] . Levels of activated vitamin D did not, however, explain racial/ethnic differences in coronary artery calcium between blacks and whites in the Doherty study. However another study by Arad et al. found no correlation between serum 1,25(OH)2D levels and coronary calcification in 50 patients undergoing coronary angiography, potentially secondary to the smaller sample size [69] .
Among the Old Order Amish, a founder population where confounding influences such as geography and lifestyle would expect to be minimized, we found no association of 25(OH)D levels with the risk of prevalent CAC or CAC severity [54] . In a subset of participants in the Multi-Ethnic Study of Atherosclerosis (MESA) free of clinical CVD at baseline, de Boer et al. found no cross-sectional association of 25(OH)D levels with risk of prevalent CAC after adjustment for CVD risk factors including BMI and kidney function [70] . However among these MESA participants, there was an association of 25(OH)D with risk of developing incident CAC over follow-up, an association that appeared the strongest among participants with lower estimated glomerular filtration rate (GFR) [70] . This suggests that accelerated atherosclerosis may be one mechanism by which vitamin D deficiency confers increased CVD risk.
Carotid Intimal Medial Thickness (cIMT)
Low 25(OH)D levels have also been associated with increased cIMT, another marker of subclinical vascular disease, in a diabetic population [71] . However, among the Amish population, similar to our findings with CAC, we found no cross-sectional association of 25(OH)D levels with common cIMT [54] . This was in contrast to the Rancho Bernado cohort study of older adults (who generally have higher vitamin D levels than many of the other prospective cohorts described due their residence in a sunny and temperate year-round climate) where we found that 25(OH)D levels inversely correlated with internal cIMT but not common cIMT [72] . We hypothesized that internal cIMT may be a better marker of atherosclerosis whereas common cIMT may reflect more vascular changes from sheer stress.
Peripheral Arterial Disease (PAD)
Among ambulatory participants of NHANES 2001-2004, low serum 25(OH)D levels are associated with a higher prevalence of PAD after demographics, known CVD risk factors, physical activity, were taken into account, while there was no association of calcium, phosphate, and iPTH with PAD [73] . As discussed earlier, blacks are at greater risk for vitamin D deficiency, as well as at greater risk of PAD -an association that is not entirely explained by differences in traditional risk factors. We estimated that approximately a third of the excess risk of PAD conferred by black race can be explained by differences in vitamin D levels [74] . Whether treatment with activated vitamin D can prevent PAD or mediators such as diabetes is unknown. Among patients with type 2 diabetes, treatment with activated vitamin D did improve brachial artery flow mediated dilation, a marker of endothelial function, independent of changes in blood pressure [28] .
Left Ventricular Hypertrophy (LVH)
As mentioned previously, mice with either VDR knockout or knock-out of 1-hydroxylase gene develop hypertension and cardiac hypertrophy [24, 25] . In 2 small clinical trials of hemodialysis patients treated with activated vitamin D, regression of LVH was observed [75, 76] .
VITAMIN D, CVD EVENTS, AND MORTALITY
Recent observational cohort studies have found a consistent association between low levels of 25(OH)D with cardiovascular events including stroke, congestive heart failure, CVD mortality, and all-cause mortality as discussed below.
Myocardial Infarction
As early as the 1990's, a small community-based casecontrol study in New Zealand found that 173 men with myocardial infarction had lower 25(OH)D levels compared to matched controls [77] . This inverse association of 25(OH)D levels and risk of myocardial infarction was confirmed more recently in a larger nested-case control study of men from the Health Professional Followup Study, an association that remained after controlling for known CVD risk factors [78] . On the other hand, a small case-control study by Rajasree et al. found in 143 patients with ischemic heart disease that very elevated 25(OH)D levels (>89 ng/ml) conferred a multivariate adjusted OR of 3.18 (95% CI 1.31-7.73), suggesting that there may be an optimal range with very high levels actually being harmful [79] .
Stroke
A small case-control study of 44 stroke patients found that cases had lower 25(OH)D levels than healthy elderly controls [80] . In the Ludwigshafen Risk and Cardiovascular Health (LURIC) prospective study of 3316 individuals referred for coronary angiography at a single center in Germany, low levels of both 25(OH)D and 1,25(OH)2D predicted incident stroke during a median of 8 years of followup [81] .
Congestive Heart Failure (CHF)
Vitamin D receptor knock-out mice develop signs of congestive heart failure, and treatment with activated vitamin D reduces cardiac hypertrophy and left ventricular diameter among a hypertensive-CHF rat model [82] . These CHF effects may be independent of vitamin D's role in the reninangiotensin system [83] , and may in part be mediated by vitamin D modulation of matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs), key components of the extracellular matrix metabolism that contribute to left ventricular re-modeling and dilation in CHF [84] . Again in that same German LURIC cohort that prospectively followed individuals referred for coronary angi-ography, low levels of 25(OH)D and 1,25(OH)2D were associated with increased risk of death from heart failure or sudden cardiac death [85] . 25(OH)D levels were also inversely correlated with pro-B-natriuretic peptide and New York Heart Association classes [85] . Among patients with end-stage heart failure, lower circulating calcitriol levels was associated with poor outcomes despite adjustment for many clinical predictors [86] , although residual confounding and reverse causation (i.e. the sickest patients have the lowest vitamin D levels) could still in part account for the association. Patients with CHF vs healthy controls differ in many lifestyle factors that may influence their vitamin D status (such as participation in sports clubs, taking summer holidays, etc) [87] -factors that are typically not adequately controlled for in multivariable regression models.
CVD Combined Events
Among the Framingham Offspring Study of individuals free of prior CVD, those with 25(OH)D levels <15 ng/ml had increased risk of incident CVD events (including fatal or non-fatal myocardial infarction, coronary insufficiency, fatal or non-fatal cerebrovascular events, claudication, or heart failure) [HR 1.62 (95% CI 1.11-2.36)] compared to those with levels 15 ng/ml, after adjustment for age and conventional risk factors [88] . Further adjustment for physical activity, hsCRP, or vitamin supplementation use did not attenuate these results.
Mortality
Our group found that, among 13,331 US adults participating in NHANES-III, those in the lowest quartile of 25(OH)D [levels <18 ng/ml] compared to the highest quartile had a 26% increased risk of all-cause mortality during a median of 8.7 years of follow-up after traditional risk factors, renal disease, socioeconomic factors, and lifestyle factors were taken into account [31] . The association of low 25(OH)D levels with mortality was strongest in those without CVD, without hypertension, and without diabetes mellitus, and in women arguing against low vitamin D levels being just a marker of poor general health. The fact that the associations were stronger in those without CVD at baseline suggests that if a causal relationship exists, 25(OH)D deficiency may play a role before CVD is established. In the NHANES-III study, there was also a trend towards lowvitamin D levels being associated with CVD mortality as well with similar magnitude of association (i.e. mortality rate ratio) which did not meet statistical significance. However in a follow-up study by Ginde AA et al. evaluating only the NHANES-III participants >65 years of age, the authors found that severe vitamin D deficiency <10 ng/ml was associated with both all-cause and CVD mortality but a stronger association for CVD mortality than non-CVD mortality (HR of 2.36, 95% CI 1.17-4.75 vs HR 1.42, 0.73-2.79 for subjects with levels <10 ng/ml compared to levels >40 ng/ml) [89] .
Similarly another prospective cohort study of older adults (the Hoorn Study) found that low 25(OH)D was independently associated with all-cause mortality and an even stronger association with CVD mortality (HR 2.24 95% CI 1.28-3.92 and HR 4.78 95% CI 1.95-11.69, respectively for the lowest quartile compared to the upper three 25(OH)D quartiles) [90] .
Low 25(OH)D levels and low 1,25(OH)2D levels were both also independently associated with all-cause and CVD mortality in the German LURIC; these findings remained significant even after adjustment for the other vitamin D metabolite and iPTH levels [91] . Furthermore, risk of mortality was highest among those who fell in the lowest quartile of both 25(OH)D and 1,25(OH)2D compared to low levels of either metabolite alone, suggesting a synergistic effect of both metabolites taken together on CVD risk, despite the fact that the two metabolites were generally weakly correlated with each other (r=0.36). This suggests that 25(OH)D and 1,25(OH)2D may have independent biologic effects, with perhaps 25(OH)D being important for local conversion to the activated metabolite in extra-renal tissues for autocrine/ paracrine effects.
In both the Framingham cohort study [88] and in the overall NHANES-III study [31] , there was a suggestion of a U-shaped curve with a trend towards increased risk for CVD and mortality at high levels of 25(OH)D, which did not meet statistical significance as few individuals had very high 25(OH)D levels. This finding was more pronounced in women in NHANES [31] , another thus far unexplained sex difference. Animal models suggest that animals fed a vitamin-D and cholesterol rich diet have accelerated atherosclerosis [65, 92, 93] . These studies, along with the case-control study described above by Rajasree [79] , raises the concern that there may be an optimal range for 25(OH)D, such that both low and high levels may increase risk for mortality.
Vitamin D Supplementation and CVD Outcomes
In generally healthy post-menopausal participants of the Women's Health Initiative (WHI), vitamin D supplementation (200 IU plus 500 mg calcium twice daily) did not reduce CVD risk over 7 year average follow-up [94] ; although it is widely agreed that the supplementation dose was inadequate for the normal adult requirement of at least 800 IU daily of vitamin D [95] . Also the placebo arm was allowed to continue their vitamin supplements which may have blunted any differences between the treated and the control groups. Furthermore 25(OH)D levels were not measured at baseline for all women in that trial; thus, whether vitamin D supplementation at higher doses can reduce CVD risk among those with documented vitamin D deficiency is unknown. Another randomized clinical trial of calcium supplementation without vitamin D among post-menopausal women in New Zealand actually showed an increased risk of stroke in the calcium treated arm [96] . Although participants in that study were randomly allocated to supplementation or placebo, there appeared to be baseline imbalances between groups with a slightly higher percentage of hypertension, current and former smoking, previous ischemic heart disease, previous stroke, total and LDL cholesterol, and dyslipidemia in the calcium arm. This may have influenced the higher outcomes seen among those assigned to calcium supplementation. In addition, the investigators did not report baseline serum vitamin D levels, except to say they excluded those with very severe vitamin D deficiency (less than 10 ng/ml); it is possible that this population may have adequate or perhaps even high levels of serum vitamin D. Calcium plus high levels of vitamin D could theoretically lead to vascular calcifications similar to animal models. While vitamin D may be beneficial for cardiovascular health, supplementation with calcium alone (without vitamin D) may not be.
However, a meta-analysis of 18 randomized clinical trials, including the Women's Health Initiative, did show that participants randomized to vitamin D supplementation experienced fewer deaths compared to those randomized to placebo [97] . This meta-analysis included information from over 57,000 participants, mostly post-menopausal women, with a mean daily vitamin D dose of 528 IU. The relative risk for all-cause mortality was 0.93 (95% CI: 0.87-0.99).
CLINICAL PERSPECTIVES, UNANSWERED QUES-TIONS, AND FUTURE DIRECTIONS
Many of the analyses from cross-sectional and case/control observational studies bring up concern that the associations found between vitamin D and CVD might be explained at least in part by residual confounding and/or reverse causation (i.e. the sickest patients are the least likely to exercise and get out in the sunlight). While these studies attempt to adjust for many clinical predictors and known CVD risk factors, it is very difficult to adequately take into account factors of "good health" vs "poor health" during statistical adjustment. The prospective cohort studies add supportive strength to the implication that low vitamin D levels may in fact be causally related to CVD outcomes. But despite the fact that many of these cohorts had vitamin D levels measured many years before the outcome assessment, the possibility remains that subtle differences in poorer health state may explain in part the results. As mentioned above, CHF patients and healthy controls differed in many lifestyle factors that could influence vitamin D [87] . Furthermore, individuals with higher vitamin D levels could walk farther distances on a 6-minute walk and had lower frailty scores, suggesting a healthier, more ambulatory phenotype [98] .
These observational prospective studies are based on a one-time measurement of 25(OH)D at baseline. While ideally this would reduce concerns of reverse causation as the individuals screened were generally healthy ambulatory participants at the time of 25(OH)D measurements and then followed forward in time for incident events, lifetime patterns of vitamin D status including changes in vitamin D levels over time have not been assessed. However Dobnig et al. did find that among 100 healthy older individuals participating in a fall prevention study that 25(OH)D levels measured 12 months apart were highly correlated (r=0.76, p<0.004) [91] .
There is significant biologic plausibility of the role that vitamin D plays in cardiovascular health as detailed above. Right now there is convincing evidence that low vitamin D levels is a good predictor of risk for adverse CVD outcomes independent of traditional CVD risk factors, similar to the risk prediction ability of hsCRP and other biomarkers. However similar to the other biomarkers, it is not clear whether vitamin D is a casual agent or simply a surrogate marker for poorer health states. If vitamin D is only a marker of some other poorly measured aspect of CVD risk, vitamin D supplementation may not correct the risk state. If the relationship between low 25(OH)D and CVD risk is causal, incident diabetes may be one mediator in a causal pathway that is likely multifactorial, with other potential mechanisms including inflammation, incident hypertension, left ventricular hypertrophy and/or regulation of the rennin/angiotensin pathway as described above.
Therefore further clinical trials of vitamin D supplementation at adequate doses are needed to show whether vitamin D treatment can actually prevent or delay the progression of CVD events and/or incident diabetes. This question hopefully will be answered by the planned Vitamin D and Omega-3 Trial (VITAL) lead by Drs JoAnn Manson and Julie Buring (Harvard Medical School/ Brigham and Women's Hospital, Boston, MA) which will begin recruitment in January 2010 and plans to run for five years [99] . The objective of this large, National Institutes of Healthsponsored study is to determine whether vitamin-D and/or omega-3 fatty-acid supplementation can reduce the risk of developing heart disease, stroke, or cancer. The study is aiming to enroll 20,000 men >60 years and women >65 years of age, one-quarter of whom will be black, to further investigate the potential racial/ethnic disparity in CVD outcomes hypothesized to be linked to vitamin D. The study design is multifactorial as participants will be randomized to daily vitamin D (2000 IU) and fish oil (1 g), daily vitamin D and fish-oil placebo, daily vitamin-D placebo and fish oil, or daily vitamin-D placebo and fish-oil placebo.
The VITAL trial will hopefully provide the evidencebased medicine regarding vitamin D supplementation that is currently lacking in the literature; however there are some concerns among experts in the field that this clinical trial may not adequately provide conclusive evidence on this issue. For one, serum 25(OH)D levels will not be measured in everyone at baseline, and thus enrollment is not based on documented vitamin D deficiency. Supplementation, in theory, may only benefit those who are actually deficient to restore 25(OH)D values in the normal range and may be harmful in those rare individuals with very high 25(OH)D levels. For those who are truly deficient, 2000 IU per day still may not be adequate enough to raise serum vitamin D levels into the recommended range. Usually 50,000 IU per week for 8 weeks is the recommended repletion dose for those with deficiency, with 1000-2000 IU of vitamin D daily as a maintenance dose [10] . Also, only older participants are being recruited into VITAL, a group which in theory may be "too late" to prevent events. While older participants are most likely to have cardiac events, if vitamin D deficiency is causally related to the development of atherosclerosis or potential intermediate factors, such as hypertension and diabetes, vitamin D supplementation may have the most benefit in those who have yet to develop these conditions (i.e., younger adults). However, the cost constraints dictate the need to do the trial in adults more likely to have events (i.e. older adults).
CONCLUSION
In summary, the experimental and observational studies described above had identified vitamin D as playing a pivotal role in many aspects of cardiovascular health. While vitamin D deficiency is easy to screen for, and treatment in the form of supplementation and modest sunlight exposure exists, we await results of clinical trials such as the VITAL study to determine whether vitamin D treatment can actually prevent CVD events before prevention guidelines regarding
